Havenith G, Bröde P, den Hartog E, Kuklane K, Holmer I, Rossi RM, Richards M, Farnworth B, Wang X. Evaporative cooling: effective latent heat of evaporation in relation to evaporation distance from the skin. J Appl Physiol 114: 778 -785, 2013. First published January 17, 2013 doi:10.1152/japplphysiol.01271.2012.-Calculation of evaporative heat loss is essential to heat balance calculations. Despite recognition that the value for latent heat of evaporation, used in these calculations, may not always reflect the real cooling benefit to the body, only limited quantitative data on this is available, which has found little use in recent literature. In this experiment a thermal manikin, (MTNW, Seattle, WA) was used to determine the effective cooling power of moisture evaporation. The manikin measures both heat loss and mass loss independently, allowing a direct calculation of an effective latent heat of evaporation (eff). The location of the evaporation was varied: from the skin or from the underwear or from the outerwear. Outerwear of different permeabilities was used, and different numbers of layers were used. Tests took place in 20°C, 0.5 m/s at different humidities and were performed both dry and with a wet layer, allowing the breakdown of heat loss in dry and evaporative components. For evaporation from the skin, eff is close to the theoretical value (2,430 J/g) but starts to drop when more clothing is worn, e.g., by 11% for underwear and permeable coverall. When evaporation is from the underwear, eff reduction is 28% wearing a permeable outer. When evaporation is from the outermost layer only, the reduction exceeds 62% (no base layer), increasing toward 80% with more layers between skin and wet outerwear. In semi-and impermeable outerwear, the added effect of condensation in the clothing opposes this effect. A general formula for the calculation of eff was developed.
sweat; latent heat of evaporation; protective clothing; wicking; indirect calorimetry SWEAT EVAPORATION IS CONSIDERED to be the determining pathway for heat loss once environmental temperatures rise or when heat loss is limited, e.g., by protective clothing (14) . In most research studies, the cooling power of the evaporated sweat is determined from the weight change of the (clothed) participant. After correction for respiratory and metabolic mass losses, this weight change per unit of time (g/s) is multiplied by the latent heat of sweat evaporation (J/g) to obtain the evaporative heat loss rate (W) (33, 31, 29) .
Values for latent heat of evaporation () of human sweat have been debated in the literature, considering the effects of temperature, humidity, and sweat osmolality, but suggested values ranging from 2,696 J/g (13) to 2,595 (27, 31 ) and 2,398 J/g (29) have finally converged to the latent heat of evaporation of pure water (33) , only dependent on temperature giving a number of 2,430 J/g at 30°C (12) .
On its way from the skin to the environment, the vapor may have to travel through clothing ( Fig. 1 ). There, it may be sorbed and subsequently desorbed by textile fibers (11) ; it may condensate in outer layers if these are colder than the skin (14, 15, 16, 17, 18, 24) and subsequently evaporate again. It may be directly ventilated from the clothing microclimate through openings in the clothing or may finally diffuse through the outer clothing layer into the environment. Each of the phase changes mentioned will cause heat to be released or absorbed (24) at the location where it occurs. Once moisture is present as liquid, layer-to-layer wicking may occur (23) .
Based on studies of the moisture transport processes in clothing as discussed above, several authors have suggested that the commonly used calculation of evaporative heat loss from the clothed mass loss may not always be correct (9, 10, 17, 18, 30, 24) . Havenith et al. (18) studied the effects of condensation in clothing in relation to ambient temperature and observed that the heat loss observed in clothing with low vapor permeability may be higher than suggested by the mass loss when the environment is cool. This "heat pipe" effect was later mathematically described by Wissler and Havenith (34) . On the other hand, Craig and Moffitt (9) , studying evaporation in wet clothing, and McLellan et al. (26) and Aoyagi et al. (1) , looking at the heat balance uncertainties in high sweat rates while testing protective clothing in warm environments, also observed inconsistencies in the heat balance calculation results. However, they observed the opposite of what was found in the condensation studies, suggesting that, in their case, evaporative heat transfer rate may be lower than the value obtained from clothed mass loss rate. In such studies, data were subsequently often corrected to get the heat balance numbers to match; e.g., Aoyagi et al. (1) adapted the skin-core temperature weighting used in the calculation of body heat storage, while assuming an unchanged clothing insulation; Chen et al. (7) assumed changes in dry heat loss with wet clothing; and Cheuvront et al. (8) showed that, allowing for the clothing insulation to change during modeling, the sweating response of clothed persons improved the predictive capabilities of the model. The real reason for the heat balance mismatch may, however, be found in the values used in the heat balance calculation for latent heat of evaporation. Although this physical property of water is quite stable (only a slight effect of temperature is present), not all of the cooling power may always benefit the person producing the sweat, e.g., in profuse sweating as described by Aoyagi et al., a lot of the sweat may migrate (wicking) into the (under)clothing and then evaporate from there. In this case, part of the heat for evaporation may be taken from the body, but another part from the environment, i.e., the evaporative efficiency () or the effective latent heat of evaporation ( eff ) would be reduced [evaporative heat loss ϭ dWater/dt·( app )· ϭ dWater/dt· eff ]. In wet clothing (6, 9) , some heat of evaporation also will be from the clothing, again drawing part of the heat from the environment rather than from the skin.
This process, the effect of moisture evaporating at different distances from the skin on the cooling power provided, is the topic of this study. Some, mostly qualitative, data on this issue are available from studies with small numbers of humans (9, 10) , although their calculations contain many estimations (e.g., estimated metabolic rate, estimated clothing insulation) that substantially increase the measurement uncertainty. The main problem in these human participant studies is that actual heat loss cannot be measured directly, and the calculation using indirect calorimetry introduces many potential sources of error. To improve the accuracy of the measurements, the present study will be performed on a thermal manikin (18) . This, in contrast to human experimentation, allows simultaneous, independent measurements of both heat loss and mass loss required for the calculation of the effective value of .
The hypothesis for this study is that cooling efficiency of evaporation, or the effective value of , is affected by the location of the moisture evaporation in terms of its distance from the skin. In terms of test conditions, this is operationalized into whether the moisture was placed on the skin surface, placed in the underwear layer, or put in and on the outer clothing layer, while manipulating the thickness or presence of other layers. Rather than allowing and waiting for the moisture to wick from the skin outward to the underwear and further as would happen in real life, it was decided to study more defined conditions: wetting the skin or the underwear or the outerwear. Although some wicking will occur, in each of these conditions, the main locus of evaporation will be that of the wetted layer, providing better defined test conditions.
METHODS

Manikin
To discriminate between and determine all heat exchanges, measurements were made using a thermal manikin (Newton, MTNW, Seattle, WA) (18) . This manikin has 32 zones for which the surface temperature can be controlled independently and the total energy input required to achieve this accurately measured. This energy input is a direct measure of the heat loss from the manikin. This measurement and the calibration of the manikin are described extensively in ISO15831:2004 (20) and ASTM F1291-05 (2). All ensembles were measured dry and with a wet layer. To provide an evaporative surface, the skin consisted of a thin stretch cotton layer (present in all tests) on top of the heating layer, which for the wet skin conditions was wetted before dressing and acted as a "sweating skin layer" (3, 17) . Insulation and dry heat loss values were corrected for the insulation of the skin, whereas in the wet tests this was assumed to be negligible. Continued wetness of the skin layer was monitored for all individual zones via their heat loss rate, which dropped sharply when a zone started to dry out. Apart from heat losses, the mass change rate of the clothed, wet manikin also was determined by continuous weighing (0.1 Hz) of the whole setup (Sartorius balance 150 kg, precision 1 g; absolute accuracy to Ϯ5 g). This allowed continuous determination of the rate of water evaporation from the clothing system and thus of the real evaporative mass loss rate from the manikin-clothing system. The manikin was placed in front of three fans, mounted in a vertical plane, which produced the reference wind speed of 0.5 m/s.
Since this paper intends to study the effect of clothing, all measurements and data in this paper are calculated for the clothed area (1.46 m 2 ) only. Data from the nude head, hands, and feet are excluded. 
Clothing
Most of the clothing was the same as used by Havenith et al. (18) and Broede et al. (4) . Four custom-made outer garments were used, identical in design and production but of either impermeable (IMP), semipermeable (SEMI), permeable (PERM) material, or a highly permeable material (OPEN), providing four levels of vapor permeability (Table 1) . These outer layers were tested alone or in combinations with one or more representative underwear types of similar design: cotton (CO), polyester (PES), and polypropylene (PP) ( Table  1) , selected to give a similar material heat and vapor resistance. Data obtained for different underwear types will be lumped together in the analysis. In addition, other combinations of layers were used, manipulating the distance of the evaporation locus to the skin or the permeability of outer layers, i.e., the type of covering on the outside and inside of the evaporation locus. For the wet outerwear condition, results for IMP, SEMI, and PERM outer layer were merged. All clothing layers fully covered the same surface area of 1.46 m 2 for which subsequent calculations were made. The main test conditions are defined in Table 2 .
Climate
The main testing was performed at 20 Ϯ 0.5°C. Considering earlier findings (18) , this implies that, apart from dry and evaporative heat loss, some condensation may occur in the ensembles with lower permeability. Chamber humidity was adjusted to the expected evaporation rate to ensure that the manikin skin remained fully wetted during the whole test period (range used was between 1 and 1.8 kPa). All results for evaporative heat and mass loss were later converted to the same vapor pressure gradient between skin and environment, i.e., assuming a 1-kPa vapor pressure in the environment, matching data of earlier work (17) using the following equation:
Evaporative heart loss ͑at 1 kPa͒
This allows direct comparison of heat losses between clothing configurations but does not change the ratio between the heat loss and the mass loss method values for evaporation.
Calculations and Definition of Terms
The calculations follow those set out by Havenith et al. (18) . Real dry heat loss.
ϭ Heat loss measured on dry manikin, dry clothing
Apparent evaporative heat loss (Eapp). Increase in heat loss compared with dry when evaporation is present [e.g., when the manikin's skin or any other layer is wet (i.e., heat loss of wet manikin Ϫ heat loss of dry manikin; at same temperature)]. This is referred to as "apparent" as apart from evaporation (pathway E); it also includes heat loss due to wet conduction and evaporation-condensation (path- ways C and D in Fig. 1 ). That is, it includes all changes in heat loss due to the wet layer.
E app͑ W · m Ϫ2 ͒ ϭ Total manikin heat loss when wet Ϫ Dry real (3) As in this type of study, the temperature of the outer wet skin surface decreases slightly below the setpoint value of the manikin surface itself due to the evaporative cooling, the Dry heat loss used in Eq. 3 was corrected for the lower thermal gradient between skin and environment in the wet tests using the equation developed in our laboratory similar to those developed by Wang 
although this is only a marginal correction here. The common way to determine evaporative heat loss in human experiments is to calculate it from the latent heat of evaporation of all mass that is lost from the clothed person (corrected for metabolic and respiratory mass changes). In the present testing, this same value is determined by the mass loss rate of the clothed manikin as latent heat of mass lost (E mass).
Emass. The calculated latent heat content of the moisture that is evaporating from the ensemble (the "human-clothing-system") as measured by the mass loss rate on the Sartorius scale in a steady state condition is:
where: With these data available, the apparent (Eapp) and observed latent evaporative heat losses (Emass) can be compared, and the evaporative cooling efficiency or the effective latent heat of evaporation can be calculated as evaporative cooling efficiency ( app).
app. The apparent evaporative heat loss of the wet manikin (or manikin with the clothing layers) divided by the evaporative cooling potential (the latent heat of the moisture evaporated) under the same temperature condition is:
Apparent evaporative heat loss of wet manikin Latent heat of mass lost ϭ E app E mass (7) And, finally, these results for evaporative cooling efficiency can be interpreted in terms of the observed latent heat of evaporation that benefits the body when clothing is worn. If evaporative cooling efficiency is 1.0, the latent heat observed by the manikin is equal to the theoretical value (2,430 J/g), although it may be lower if not all latent heat for the observed mass loss is taken from the body or higher if more heat is lost than theoretically expected based on the mass loss.
Effective latent heat of evaporation ( eff). The measured energy released from the manikin surface divided by the observed evaporation rate from the clothed body:
Apparent evaporative heat loss of wet manikin ͑W · m Ϫ2 ͒ Mass loss rate ͑g · m
Tests Preparation and Protocol
Once the internal and surface temperatures of the manikin had stabilized, the data acquisition started. For the wet skin experiments, the skin was wetted at this point by spraying it with distilled water until fully wet, while no dripping was observed. For the wet underwear tests, 600 g of moisture had been introduced by spraying the underwear layer several hours before the testing. The underwear was then packed in impermeable bags and left in the test climate for the moisture to be fully and evenly absorbed. The underwear was reweighed at the start of the test to ensure the correct amount of water was absorbed. For the wet outer layer tests, moisture was introduced at the outer surface of the PERM and IMP outer garment after dressing by spraying these until wet and then waiting for any drippage to stop.
For both dry and wet tests, the manikin was dressed with underwear and outerwear according to Table 2 . The average heat flux from the manikin was seen to stabilize within 20 min after wetting or dressing. After 60 min, the test was terminated, and all clothing was weighed again. In the wet tests, the mass loss (pathway E in Fig. 1 ) was registered (0.1 Hz) by the Sartorius Scale. Mass loss rate was calculated from the slope of this curve for the time period when mass loss rate and heat loss rate were both found to be stable, as judged from the weight reduction slope and the heat loss curve.
The parameters listed above were determined in a steady-state condition of the boundary conditions (skin wettedness), typically over a 15-min period.
Statistics
Statistical tests were performed using SYSTAT (SYSTAT version 11). P Ͻ 0.05 was taken as significant. Main testing for app was to show significant deviation from unity (eff deviation from 2,430 J/g) (one-sample t-test) and differences between conditions in the same clothing ensembles (repeated-measures ANOVA with moisture location as factor).
RESULTS
The heat and mass loss based results for the nude manikin and the various clothing configurations, as measured at 20°C, are presented in Fig. 2 . A clear reduction in heat and mass loss is observed with increasing clothing thickness and reducing vapor permeability. For the measurements with a wet skin layer and permeable garments, direct heat loss measurement and mass loss based calculations of evaporative heat loss are very close, whereas for wet underwear and outer wear layers, the two parameters clearly differ.
Considering the ratio of measured heat loss to heat loss calculated from mass loss, i.e., the evaporative cooling efficiency (Eq. 5) (18) app for the permeable garments (Fig. 3) , as expected the value for evaporation efficiency of the nude wet manikin is not significantly different from 1 (i.e., eff ϭ 2,430 J/g), implying that, here, virtually all of the heat of evaporation is actually taken from the body. The same appears to be true for the wet manikin with a highly permeable clothing layer (OPEN) or with underwear (UW) only. Adding more or less permeable clothing starts to show a reducing effect on app and eff. Although for UW ϩ OPEN, this is only 3% (not significant), whereas UW ϩ PERM, app , and eff are reduced by 11% (P Ͻ 0.05).
When the moisture is placed directly in the UW layer, the effect on cooling evaporative efficiency becomes much bigger. Wet underwear (over the dry cotton skin) under PERM reduces app to 0.72 ( eff ϭ1,750 J/g; P Ͻ 0.05), i.e., a reduction in evaporative cooling power of 28%.
In the next step, transferring the wet layer to the outerwear, app (and eff ) drop even further. It was 0.38 (923 J/g) when no UW is worn, 0.25 (607 J/g) for one layer of UW, and 0.22 (535 J/g) where a layer of UW and a thick mid-layer are worn under the wet layer, showing a progressive decline in app and eff with increasing distance between the evaporation locus and the skin.
For semipermeable and impermeable clothing, the effect at this temperature is different (Fig. 4) . Although for wet outerwear no significant differences were observed in relation to the permeability of the outer clothing layer, differences are present for wet skin and wet UW. Going from PERM to SEMI, a small increase in app and eff takes place (not significant for wet UW; P Ͻ 0.05 for wet skin). Going from PERM or SEMI to the impermeable clothing material, a huge increase in app and eff takes place, which brings app to a value significantly above 1 ( eff Ͼ 2,430 J/g; P Ͻ 0.05) for both wet skin and wet UW.
DISCUSSION
The present study confirmed the observation made over five decades ago (6, 9, 10) that when clothing gets wet and/or sweat migrates from the skin into the clothing layers, the evaporative cooling efficiency drops, i.e., less cooling is provided to the body per gram of evaporated sweat/moisture (i.e., eff is reduced). Nielsen et al. (28) qualitatively showed how the heat loss from a manikin changes depending on which clothing layer was wet, although they did not analyze this heat loss in relation to the mass loss. Using a thermal manikin with both heat loss and mass loss measurements allowed quantification of this effect in the present study. In the older studies due to a large number of assumptions and estimates required for calculating the heat balance, the results had to be seen more qualitative in nature, explaining why this knowledge is not much used in more recent literature. After showing in earlier papers (18) that the amount of energy taken from the body for the evaporation of a given quantity of sweat ( eff ) is dependent on the clothing permeability and on the ambient temperature, the present experiments have now clearly demonstrated that this "effective latent heat of evaporation, eff ," is also dependent on the location where the evaporation takes place in terms of its distance to the skin. As shown by the results for wet underwear compared with wet skin, a dramatic fall of eff takes place when moisture is wicked away from the skin before it evaporates. Although the wicking of sweat from the skin may also have a positive effect when the skin is not fully wet (different from this test) by increasing the surface area of evaporation, there may be situations where it will lower the total available cooling power. Where both skin and clothing are wetted, no risk of dehydration is present, and a large amount of ventilation takes place in the clothing, and having the extra evaporation from the fabric besides that from the skin may also be beneficial. In encapsulated clothing, however, where the microenvironment may be close to becoming saturated and only a small fraction of produced sweat may evaporate, it would be best if this evaporates directly from the skin and is not wicked further out before evaporating.
Data from the present experiment would imply that spraying clothing from the outside with water, as used in some field situations (e.g., decontamination work in impermeable clothing), will have a cooling efficiency of ϳ20 -40% for the amount of evaporated water (i.e., a eff reduced by 60 -80%). In this condition, if a surplus of water is sprayed on to cool the person, additional conductive cooling will take place where this water is cooler than the person's clothing. When this method of spraying is applied for added cooling, usually no water shortage is present, making the low efficiency less of an issue. Whether this wet outer would reduce evaporation from within the clothing needs to be investigated.
Craig and Moffitt (9) calculated app , or E/E' as they called it (cf. Eq. 5), for permeable clothing (UW ϩ fatigues) wetted with different amounts of water worn by a sweating person. In this case, evaporation would take place from both the skin and the clothing, and the observed app should be between the values for wet skin and for wet clothing observed in the present experiment (underwear or outer wear). For suits wetted to 0, 400, and 1,000 g, they observed app of 0.77, 0.49, and 0.35 ( eff of 1,870, 1,190, and 850, respectively). For the dry suit, most evaporation should take place at the skin (although during the test sweat will wick into the clothing), and with increasing moisture content more of the total evaporation will take place in the clothing. Based on the present data (Fig. 3) , one would expect app to range between 0.89 (assuming wet skin, dry underwear, and fatigues) and 0.55 (assuming wet underwear, and wet fatigues with equal distribution of evaporation between the two layers) for these conditions. Since Craig and Moffitt's heat balance calculations were based on averages over whole tests, including the low sweat period at the start, and since they contained many assumptions and estimates (clothing insulation, metabolic rate), some discrepancy is not unexpected. However, the message is the same.
Burton (6) performed similar tests (5), although with a different philosophy. He calculated the evaporative efficiency of sweat evaporating from the skin, in contrast to the present study where the measurement of evaporative efficiency was for the moisture evaporated from the manikinclothing system. He then studied the effect of this moisture condensing further out in the clothing. In that case, the condensation energy is released between skin and environment and in part may flow back to the skin, thus also lowering evaporative efficiency. He defines an equation for evaporative efficiency at the skin (5):
Total dry insulation of clothing between skin and wet layer Total insulation of dry and wet clothing layers and air (9) This problem of moisture evaporating at the skin and then condensing in the clothing has similarities with our problem of moisture evaporating away from the skin to the environment. In both cases, the heat transfers (between the skin and Burton's location of condensation and, in our case, the skin and the locus of evaporation) are dependent on the insulation of the clothing layers between skin and these loci and on the total insulation of the clothing plus the surface air layer. As in most research, mass loss is determined for the clothed person (accurately measuring mass loss from the skin would require undressing of the subject at intervals); the data analysis for the present paper focuses on clothed mass loss efficiency.
The concept of looking at the location of evaporation in relation to the total insulation between skin and environment seems relevant, and the data of the present study were reworked in this respect. The locus of evaporation in terms of the dry clothing insulation between the locus of evaporation and the skin in relation to the total insulation between skin and environment was defined as: Hence, if evaporation is from the skin, REL ϭ 1, and if evaporation would take place in the environment away from the clothing, REL ϭ 0. For evaporation from the outer surface, REL is defined by the surface air layer insulation in relation to the total insulation of clothing plus air layer (I a /I tot ).
Using dry insulation measurements of the various layers used, REL values were calculated and data were plotted in Fig. 5 for the permeable and semipermeable ensembles. A relation is evident, suggesting a rather simple physical relation of evaporative efficiency to the amount of insulation between skin and evaporation locus and the amount between the locus and the external environment.
For the permeable two-layer ensembles, the relationship reads: app ϭ 0.998 · REL Ϫ 0.08 (11) and for permeable and semipermeable combined, it reads: app ϭ 1.03 · REL Ϫ 0.09 (12) Or, without intercept, which should theoretically be zero [evaporation away from the clothing in the environment (RELϭ0) would not cool the body]:
app ϭ 0.89 · REL (13) The offset observed from the line of identity in Fig. 5 can be explained by the presence of some wicking during the test. Once a wet layer is placed in an ensemble, some wicking will always occur. This means that the value for REL is overestimated in that case, shifting the points away from the line of identity. Since this shift seems to be present across the range of values in Fig. 5, Eq. 11 or Eq. 12 may be better representations than Eq. 13.
In the semipermeable measurement, the values of app and eff for wet skin (0.95; 2,309 J/g) is slightly higher than in the permeable outer garment (0.89; 2,163 J/g). Based on the findings of Havenith et al. (18) , this must be attributed to first signs of condensation in the clothing at the temperature used (20°C), which is also responsible for the app value above 1 ( eff Ͼ 2,430 J/g) for the impermeable ensemble (18) (Fig. 4) . It should be noted that the values presented here, for evaporation from within the clothing, will change with temperature due to the effect condensation in clothing will have on the evaporative efficiency (18) . For permeable clothing, this effect will be minimal, but with decreasing permeability the change will be more pronounced. In the latter case, app and eff will have their lowest value when ambient temperature is equal to or above skin temperature (no condensation) and will increase with lowering temperature (18) .
In conclusion, using a thermal manikin that allowed a direct measurement of evaporative heat loss as well as a direct measurement of the mass loss rate due to evaporation, the heat loss from the body per gram of moisture evaporated (the effective latent heat of evaporation, eff ) was determined in relation to the location of the evaporation (skin or underwear or outerwear). For evaporation from the skin, this is close to the theoretical value but starts to drop when more clothing is worn, e.g., by 11% when underwear and a permeable coverall is worn. When evaporation is from the underwear, the reduction is 28% wearing a permeable outer. When evaporation takes place in the outermost layer only, the reduction is Ͼ62% (no under clothing) and increasing toward 80% with more layers between the skin and the wet outerwear. In semi-and impermeable outerwear, the added effect of condensation in the clothing opposes this effect.
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